Introduction: RSL3-induced ferroptosis is a cell death pathway dependent upon intracellular iron and is characterized by accumulation of lipid hydroperoxides. Glutaminolysis, a glutamine-fueled intracellular metabolic pathway, is an essential pathway of ferroptosis in cancer cells. Recent findings showed low-concentration paclitaxel (PTX) could inhibit cell death by upregulating p53 expression; downregulating glutaminolysis-related genes. Methods: The therapeutic effect of RSL3 plus low-concentration PTX combination therapy was investigated in HPSCC cells harboring mutant p53 (mtp53). Relative cell viability, ferroptosis-specific lipid peroxidation and relevant protein expression were evaluated. Results: We demonstrated that neither PTX nor RSL3 in low concentration caused significant cell death; however, the combination therapy is shown to induce ferroptosis and significant cell death in mtp53 HPSCC. We discovered that low-concentration PTX enhanced the RSL3-induced ferroptosis by upregulating mtp53 expression. Furthermore, mtp53mediated transcriptional regulation of SLC7A11 could be the key determinant. Discussion: Although gain-of-function of p53 variants remains to be characterized, our findings provide new insight into the synergistical cell death by regulating ferroptosis and p53.
Low-concentration paclitaxel (PTX), which ranged from 3 to 6nM, was found to be a promising scheme for some cancers. 8 Rather than mitotic arrest or tumor cell apoptosis, low-concentration PTX induced the cell type-dependent p53, p21 and G1/G2 arrest, inserted strong antiangiogenic and anti-lymphangiogenic activities. 8, 9 What's more, low-concentration PTX downregulated glutaminolysis-related genes and increased cellular lactate and inhibited the tumor cell growth. 8 Recent studies have shown that low-concentration PTX effects glutaminolysis in colorectal carcinoma cells and redirects metabolic reprogramming from glycolysis to oxidative phosphorylation, inducing ovarian cancer stem cells suppression. 8, 10 Glutaminolysis, glutamine-fueled intracellular metabolic pathway, is essential pathway of ferroptosis in cancer cells. 8, 11 Ferroptosis is an iron-dependent, oxidative cell death characterized by iron-dependent accumulation of reactive oxygen species (ROS). 12 However, few studies have investigated effects of low-concentration PTX on glutaminolysis in head and neck cancer cells; neither the effects of lowconcentration PTX on ferroptosis in tumor cells were investigated.
Moreover, p53 alterations were more frequently observed in tumors of the oral cavity, oropharynx and hypopharynx. 13 The p53 mutation status correlated with poor prognosis in surgically treated HPSCC patients. 14 Recently it was reported that p53 inhibited cystine uptake and sensitized cells to ferroptosis by repressing expression of SLC7A11, a key component of the system X c transporter with oxidants. 11, 15, 16 p53 (3KR, R117, R161, and R162), acetylation-defective mutants, which abolished p53-mediated cell-cycle arrest, apoptosis and senescence, fully retains the ability to induce ferroptosis upon ROS-induced stress. 15 Acetylation of K98 of p53 is required for repression of transcription of SLC7A11 and induction of ferroptosis. 15 Meanwhile, p53 stabilization could delay the activation of ferroptosis in cancer cells by limiting glutathione (GSH) depletion or enhancing GSH synthesis. 17 These results led us to investigate the possibility of combination therapy with ferroptosis inducer plus low-concentration PTX on mtp53 HPSCC. Here we found combination with ferroptosis inducer RSL3 and low-concentration PTX, could synergistically induce ferroptosis cell death in mtp53 HPSCC cell lines by upregulating p53 expression.
Methods

Cell Culture And Reagents
HPSCC Detroit562 (ATCC @ CCL138™) and FaDu (ATCC @ HTB-43™) cells were purchased from American type culture collection (Manassas, VA) in 2017. Detroit562 is a metastatic pharyngeal SCC cell line which was obtained from the hydrothorax. FaDu is a primary hypopharyngeal SCC cell line. They both exhibit highly invasive behavior in vivo. Immunohistochemistry assay showed p53 is expressed in more than 50% positive cells. 18 Detroit562 cells harbor homozygous mutant p53. Gene sequence is c.524G>A and protein sequence is p. R175H (point mutation at codon175, Arg → His); 18 FaDu cells harbor two different heterozygous mutant p53. One gene sequence is c.743G>T and protein sequence is p.R248L (point mutation at codon248, Arg → Leu), 18 another is c.376-1G>A and protein sequence is unknown. Both cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO, cat.10565-018, Life Technologies), supplemented with 10% fetal bovine serum, plus antibiotics (100 U/ mL penicillin and 100 mg/mL streptomycin). When cells reached 80% confluence, they were harvested with 0.25% trypsin/0.1% EDTA (Wisent). All cells were maintained at a humidified condition at 37°C in 5% CO 2 and the media were changed every 3 days. Reagents RSL3 (S7699) and Liproxstatin-1 (S7155) were purchased from Selleck Chemicals (Houston, TX, USA). Opti-MEM ® I reduced serum medium (cat:31985-070) from GIBCO-Life Technologies (Thermo Fisher Scientific). Lipofectamine 3000 (cat:L3000008) from Thermo Fisher Scientific. Lipid Peroxidation Sensor BODIPY ® 581/591 (Cat: D3861) from Thermo Fisher Scientific.
Transient Transfection Assays
Exponentially growing cells were seeded at 3×10 5 cells in 60 mm cell culture plates. The ectopic expression of wildtype p53 (p53WT) in Detroit562 and FaDu cell lines was transiently carried out by transfecting p53 Human cDNA ORF Clone p53 (NM_000546), or their negative control, pCMV6-AC Tagged Cloning Vector (PS100020). Mutant p53 protein (p53 R175H and p53 R248L ) expression was transiently knocked down by transfected p53 siRNA (sc-29435) or its relative negative control using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's instruction. p53 siRNA (sc-29435) is consisted of pools of three to five target-specific 19-25 nucleotide sequences in length.
The overexpression of GPX4 in Detroit562 and FaDu cell lines were transiently carried out by transfecting GPX4-expressing plasmid (Cat: 718676-1) or its relative negative control for 36 hrs using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer's instruction.
Immunofluorescence
Detroit562 cell was grown on glass slides and was transfected with pCDNA3-GFP-p53 (R175H) plasmid or relative control for 36 hrs. The cells were washed 3 times before a 24 hr treatment with paclitaxel at indicated concentration. Glass slides were then washed in cold PBS and fixed in 4% PFA (formaldehyde) containing 0.1% Triton X-100 30 min at 4°C. Then, glass slides were rinsed 5 min in cold PBS, permeabilized in PBS for 10 min and rinsed again in PBS. Slides were blocked in 5% Goat serum 30 min and incubated with Anti-TP53 (R175H) Mouse Monoclonal Antibody (Cat: 26072) at 1:50 in Immunofluorescence Staining Antibody Dilution Buffer (Solabio A1840) overnight at +4°C. Slides were washed 3 times in cold PBS, incubated for another 1 hr at 4°C with secondary antibody ab150077 Alexa Fluor ® 488 goat anti-rabbit IgG (H+L) used at 2 µg/mL. DAPI was used to stain the cell nuclei. Slides were then washed twice and visualized with a Leica DM RXA fluorescence upright microscope (Leica, Wetzlar, Germany).
Cell Viability Assay
Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) (LJ621, Dojindo, Japan) according to the manufacturer's instructions. Cells were plated at a density of 3000-4000 cells/well in 96-well plates and were treated as indicated. Then, adding 10 μL CCK-8 solution to each well, cells were incubated at 37°C for additional 1-2 hrs. Absorbance was assayed at 450 nm using a microplate reader (Synergy HT, Bio-Tek, United States).
Cell Morphological Observation
Exponentially growing HPSCC cells were transferred to 6-well plates and cultured at 37C in a 5% CO2 atmosphere. Cells were treated with indicated drugs for 24 hrs. Then, images were taken using an OLYMPUS IX 71 microscope (10×10) (OLYMPUS, Tokyo, Japan).
Western Blots Analysis
Cells were washed with ice-cold PBS and whole cell extracts were prepared in SDS/β-mercaptoethanol sample buffer containing protease inhibitors. Proteins were separated by 10-15% SDS-PAGE gels and transferred to PVDF membranes (Roche, Laval, QC) and blocked in 5% skimmed milk for 1 hr at room temperature, then incubated with the primary antibodies at 4°C overnight. Antibodies against GPX4 (ab125066, dilution1:1000), p53 (ab26, dilution 1:1000), SLC7A11 (ab37185, dilution 1:1000) were purchased from Abcam (Cambridge, MA, USA). After incubation with Sheep Anti-Rabbit-IgG-HRP (ab6747) at or Sheep Anti-Mouse-IgG-HRP (ab6808) at 1:4000 dilution for 1 hr at room temperature, proteins were visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA, #32106) followed by exposure to standard X-ray films.
Lipid ROS Measurement By Flow Cytometry
Lipid Peroxidation Sensor BODIPY ® 581/591 (Cat: D3861, Thermo Fisher) was used to detect reactive oxygen species (ROS) in cells and membranes according to the manufacture introduction. After HPSC cells were treated as indicated, C11-BODIPY was added (2.5 μL/mL) and incubated for 10 min. Excess dye was removed by washing the cells twice with PBS. Labeled cells were then trypsinized and resuspended in PBS and transferred to a 5 mL FACS tube. Analysis on a flow cytometer within 10 min using Cell Quest software (BD Biosciences, Franklin Lakes, NJ, USA). Oxidation of the polyunsaturated butadienyl portion of the dye results in a shift of the fluorescence emission peak from~590 nm to~510 nm. The signals from both nonoxidized C11 and oxidized C11 were monitored. The ratio of Mean fluorescent Intensity (MFI) of oxidized C11 to MFI of non-oxidized C11 signals was calculated for each sample. The data were normalized to control samples as shown by the relative lipid ROS.
Statistical Analysis
Paired t-test and graphical presentations were performed by GraphPad Prism 7.0. Statistically significant results were referred with **p<0.01 and *p<0.05. All data were generated with at least three independent experiments. Each experiment in the cell death analysis was carried out by 3 to 6 replicates. Values are the means of three independent experiments (mean ± SD).
Results
Low Concentration PTX Did Not Affect Cell Viability Of mtp53 HPSCC
Two HPSCC cell lines harboring p53 mutations-Detroit562-p53 R175H and FaDu-p53 R248L were treated with PTX for 24 h. As revealed by Cell Counting Kit-8 (CCK-8) assay, PTX induced cell death in HNSC cells in dose-and time-dependent manner ( Figure 1A ). The 24 hrs IC50 for Detroit562 and FaDu cells were 7.5 μM and 1.25 μM, much higher than the "low-concentration". Previous studies demonstrated that 1 and 3nM PTX had an impact on morphology and viability of cancer cells. 10, 19 Therefore, we investigated whether PTX at concentration (1-3 nM) had similar effects in mtp53 HPSCC. The results showed that PTX at a concentration (1-3 nM) did not inhibit cell growth ( Figure 1B ). Consequently, we used 2.0 nM PTX in subsequent studies.
RSL3 At Concentration Of 0.2 μM Do Not Induce Intensive Cell Death In mtp53 HPSCC
Lipid peroxidation inhibitor (Liproxstatin-1, Lip-1) is a potent pharmacological inhibitor of ferroptosis. It prevents ROS accumulation and inhibits Erastin, RSL3, and BSOinduced ferroptosis in vitro. 20 Detroit562 and FaDu cell lines were treated with various concentrations of RSL3 in the absence or presence of liproxstatin-1 for 24 hrs. RSL3-induced ferroptosis in dose-dependent manner and could be inhibited by Lip-1 (Figure 2A ). Notably, RSL3 at a concentration of 0.2 μM did not cause intensive cell death in Detroit562 and FaDu cells ( Figure 2B ). Consequently, we used 0.2 μM RSL3 in the subsequent study.
Ferroptosis Contributed To Low-Concentration PTX And RSL3-Induced Synthetic Cell Death
Low-concentration PTX has effect on the cellular metabolic process glutaminolysis, which is essential to ferroptosis. 8, 21, 22 These results lead us to investigate the possibility of RSL3 plus low-concentration PTX. We pretreated Detroit562 and FaDu cell lines with liproxstatin-1 and determined cell death at 6 and 24 hrs. Treatment with low-concentration PTX or RSL3 alone did not inhibit tumor growth compared with control group. The combination therapy led to significant great cell inhibition in HPSCC cells, of note, the antitumor effect of the combination therapy could be abrogated by the Lip-1 pretreatment ( Figure 3A ). Relative cell viability increased from 17.8% to 43.5% at 24 hrs in Detroit562 cells, and from 73.4% to 93.2% at 6 hrs and from 23.8% to 58.8% in FaDu cells at 24 hrs, respectively. HPSCC cells treated with combination drug were rounded up and detached, in keeping with morphological changes of ferroptotic cells previously described ( Figure 3B ). 23 These results indicate that RSL3 and low-concentration PTX contribute to synthetic ferroptosis.
GPX4 Overexpression Was Failed To Suppress Low-Concentration PTX And RSL3-Induced Ferroptosis
GPX4 is a glutathione (GSH)-dependent lipid hydroperoxidase and inhibits the cysteine/glutamate amino acid transporter system that blocks GSH synthesis. 8 RSL3 induced the GPX4 inactivation and triggers ferroptosis by accumulation of lipid peroxidation (lipid ROS). 11, 24 To investigate whether GPX4 inactivation led to ferroptotic cell death induced by drug combination, we evaluated the cell death and lipid ROS under GPX4 transient overexpression ( Figure 4A ). According Figure 4B and C) . However, overexpression of GPX4 did not result in decreased cell death as we expected ( Figure 4D ). Accordingly, low-concentration PTX and RSL3 treatment alone inhibited GPX4 expression, but drug combination did not have such effect in mtp53 HPSCC cells ( Figure 4E and F) . These data suggest the potential rationale that synthetic ferroptosis contributed to low-concentration PTX and RSL3 but not completely through GPX4 inhibition. In other words, low-concentration PTX may exert an anticancer activity contributing to ferroptosis.
Mtp53 Plays Crucial Role In The Low Concentration PTX And RSL3-Induced Synthetic Ferroptosis
Published reports show that PTX inhibits tumor cell growth through up-regulation of p53. 8, 25 Until recently, SLC7A11 was identified as a novel p53 target gene in ferroptosis, 15 which allows us to investigate p53 status during treatment. Treatment of low-concentration PTX indeed resulted in a dramatic increase in p53 expression ( Figure 5A ). Immunofluorescence of mtp53 in Detroit562 cells was further performed. As Detroit562 cells harbor homozygous mtp53 with protein sequence p. R175H, the cells were transfected with pCDNA3-GFP-P53 (R175H) plasmid transiently. Immunofluorescence revealed that p53 R175H protein was obviously increased by combination (Figure 5B and C) . To determine the role of mtp53 in the low-concentration PTX and RSL3-induced synthetic ferroptosis, we used siRNA knockdown of p53 in HPSCC cells. Raveled by Lipid ROS measurement, drug combination failed to cause cell death and lipid ROS accumulation when p53 expression was knocked down (Figure 5D and E). These findings indicate that upregulating mtp53 by low-concentration PTX plays a pivotal role in RSL3induced ferroptosis. Underlying mechanisms of mtp53 expression upregulation in ferroptosis is still largely unknown. Acetylation of K98 of p53 is required for repression of transcription of SLC7A11 and induction of ferroptosis as previously described. We attempt to evaluate SLC7A11 expression under mtp53 knock-down. Knock-down of mtp53 expression resulted in increased level of SLC7A11 ( Figure 5F ). Additionally, we examine whether administer of RSL3 and low-concentration PTX led to SLC7A11 suppression under mtp53 knock-down. RSL3 or low-concentration PTX alone and RSL3 plus low-concentration PTX combination therapy also failed to suppress SLC7A11 under mtp53 knock-down ( Figure 5G and H) . Based on the above results, mtp53 is upregulated by low-concentration PTX, and that induction of SLC7A11 inhibition would contribute to the enhancement of RSL3-induced ferroptosis in mtp53 HPSCC.
Discussion
Ferroptosis is initiated by events in a chronological signaling pathway that are yet to be well defined. 11 Features of ferroptosis includes: (a) generation of ROS; (b) depletion of GPX4 in cells; (c) accumulation of lipid hydroperoxides (lipid ROS) and (d) availability of iron. 26 Dependent on NADPH/H+, polyunsaturated fatty acid metabolism, and the mevalonate and glutaminolysis, metabolic pathways have been implicated in ferroptosis. [27] [28] [29] [30] [31] Meanwhile, exploitation of ferroptosis in response to specific compounds is also attracting strategy in cancer therapy.
Our study primarily showed the GPX4 overexpression did not inhibit ferroptotic cell death induced by RSL3 and low-concentration PTX. Apart from our results, another explanation could be from the therapy-resistant status. Therapy-resistant is molecularly characterize as highmesenchymal cell state in human cancer cell lines and organoids. It depends on a druggable lipid-peroxidase pathway that protects against ferroptosis, which induced by the buildup of toxic lipid peroxides. 32 Therefore, overexpression of GPX4 could lead to PTX resistance rather than simply blocking ferroptosis. Identification of GPX4 dependency in cancer cells as the target of high-mesenchymal cell state, could be another anticancer strategy to be investigated. It has been shown by different groups that p53 induces ferroptosis, by transcriptionally suppressing the expression on SLC7A11 (the cystine/glutamate antiporter). The 5ʹ flanking region of the human SLC7A11 gene at chromosome 4q28-31 contains one site that matches the consensus p53binding sequence. Results observed in cancer cell lines expressing wild-type p53 tumor cells appeared to contradict the findings. 17 p53WT stabilization decreases system x cactivity and simultaneously p53-p21 transcriptional axis negatively regulates ferroptosis in cancer cells. 17 Until recently, underlying mechanisms of mtp53 and p53WTin ferroptosis is still largely unknown.
Several p53 missense mutations, including those two mutants in our study at codons R248 and R175, are among the most prevalent hotspot mutations in HPSCCs, occurring within the central region of the protein which serves as the p53 DNA-binding domain. [33] [34] [35] [36] They both are localized in the cytoplasm as well where it can exert its "Gain of Function (GOF)" activity. Both mutant types not only lose p53WT'stranscriptional function but also have dominant-negative activity by heterodimerization with p53WT. 37 HPSCC harboring GOF mutant variant p53 R175H and p53 R248L were determined for the current study according to a novel computational approach termed Evolutionary Action (EAp53). It is a system to stratify patients with tumors harboring p53 mutations as high or low risk and validated this system in both in vivo and in vitro models. Patients with high-risk p53 mutations had the poorest survival outcomes and the shortest time to the development of distant metastases. Tumor cells expressing high-risk TP53 mutations were more invasive and tumorigenic. 38 R248L EA score is 94.72 while R175H is 78.51, both were high-risk mutants). Our results showed both GOF p53 variants: p. R175H (point mutation at codon175, Arg → His) and p. R248L (Point mutation at codon248, Arg→Leu) here retain the regulating with SLC7A11. Unlikep53WT, which is rapidly degraded by the ubiquitin-proteasome system, the GOF mtp53 variants are highly stable and have a tendency to form higherorder aggregates. 39 Our efforts identify the mechanism regulation of SLC7A11 by p53 R175H and p53 R248L , critical in mediating the response to ferroptosis were not successful likely because there is redundancy in ubiquitination sites on p53 R175H and p53 R248L . Furthermore, the diversity of the mechanisms of p53's GOF properties strongly suggests that GOF activities may vary according to mutation type, cell type, and even stimuli, and far beyond of our investment. 32 These are objective of future investigations.
Conclusion
Our data revealed that the combination of low-concentration PTX and RSL3-induced synthetic ferroptosis in mtp53 HPSCC. mtp53 is upregulated by low-concentration PTX, and that induction of SLC7A11 inhibition would contribute to the enhancement of RSL3-induced ferroptosis in mtp53 HPSCC. Until recently, underlying mechanisms of mtp53 expression upregulation in ferroptosis is still largely unknown. These findings provide new insight into the synergistical cell death by regulating ferroptosis and mtp53.
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